Despite some appealing similarities of protein synthesis across all phyla of life, the final phase of mRNA translation has yet to be captured. Here, we reveal the ancestral role and mechanistic principles of the newly identified twin-ATPase ABCE1 in ribosome recycling. We demonstrate that the unique iron-sulfur cluster domain and an ATP-dependent conformational switch of ABCE1 are essential both for ribosome binding and recycling. By direct (1∶1) interaction, the peptide release factor aRF1 is shown to synergistically promote ABCE1 function in posttermination ribosome recycling. Upon ATP binding, ABCE1 undergoes a conformational switch from an open to a closed ATP-occluded state, which drives ribosome dissociation as well as the disengagement of aRF1. ATP hydrolysis is not required for a single round of ribosome splitting but for ABCE1 release from the 30S subunit to reenter a new cycle. These results provide a mechanistic understanding of final phases in mRNA translation.
D uring mRNA translation, the ribosome and associated translation factors orchestrate the rapid and precise conversion of genetic information into proteins (1, 2) . Whereas the basic principles of protein synthesis are conserved between Eubacteria, Archaea, and Eukarya, the underlying molecular mechanisms, regulatory principles, and cellular requirements differ markedly between the three domains of life. In addition to a core set of translation factors, noncanonical enzymes facilitate and regulate protein synthesis. Among them, several ATP-binding cassette (ABC) ATPases have been identified (3) . ABC enzymes represent a large protein family with members in all phyla of life. Most of them function as energy-dependent transporters responsible for vectorial movement of solutes across cell membranes (4, 5) . A distinct subclass includes soluble mechanochemical engines involved in chromosome segregation, DNA double-stranded break repair, ribosome biogenesis, and translation regulation (3, 6, 7) . Despite their large functional diversity, ABC proteins appear to follow unifying structural and functional principles, according to which ATP binding and hydrolysis power mechanochemical work (8) . Two ATP molecules are bound at the interface of two head-to-tail oriented nucleotide-binding domains (NBD) by the Walker A and B motifs of one NBD and the C-loop (ABC signature) of the opposite NBD (9, 10) . Hence, ABC-type ATPases function as either homo-or heterodimers, operating in a tightly controlled cycle of engagement and disengagement (11, 12) . During the catalytic cycle, ATP binding, hydrolysis, and subsequent release of P i and ADP are proposed to coordinate a clamp-like motion of the two NBD motors, transmitting conformational rearrangements to associated domains or interacting cellular clients. Remarkably, all ABC-type ATPases linked to translation regulation are twin-ATPases with two NBDs encoded in one polypeptide chain. The twin-ABC ATPases can be phylogenetically grouped into subfamily E and F, but their molecular function remains largely elusive, so far. ABCE1, the sole member of subfamily E, is universally found in Eukarya and Archaea, but not in Bacteria. It is essential in all eukaryotes examined to date (13) (14) (15) and one of the most conserved proteins in evolution. In addition to two head-to-tail oriented NBDs (16) , ABCE1 contains an extra N-terminal region coordinating two nonequivalent, diamagnetic ½4Fe-4S 2þ clusters with the Cx 4 Cx 3 Cx 3 CPx n Cx 2 Cx 2 Cx 3 P consensus sequence (17) . ABCE1 was originally discovered in vertebrates as RNase L inhibitor (18) and as host-factor HP68 required for HIV-1 capsid assembly (19) . Apart from these nonessential functions, the evolutionarily conserved distribution of this ATPase points to a more fundamental role in cell homeostasis and indeed ABCE1 turned out to be involved in ribosome biogenesis and translation regulation (14, (20) (21) (22) (23) . ACBE1 was found to interact with a number of translation factors, eIF3 in Drosophila melanogaster, eIF2, 3, 5, and eRF1 in Saccharomyces cerevisiae, as well as eIF2, 5, and eRF1 in vertebrates (14, (21) (22) (23) (24) (25) . Furthermore, a colocalization with ribosomal subunits has been demonstrated (14, 24) . In yeast, ABCE1 depletion leads to a breakdown in protein synthesis accompanied by an accumulation of unprocessed rRNA and ribosomal subunits in the nucleus (7, 20, 22) . The role of ABCE1 in eukaryotic translation has been linked to several stages during protein synthesis, including initiation and most recently termination and ribosome recycling (21, 23) . However, the primeval function shared with its archaeal homologs is unknown. So far, the modus operandi of the twin-ATPase ABCE1 is largely unexplored due to the lack of a functional recombinant enzyme.
Here, we reveal the role of ABCE1 in ribosome recycling in Archaea. We further demonstrate that ABCE1 binding to and splitting of ribosomes proceeds in a closed ATP-occluded enzyme conformation and strictly requires the FeS cluster domain. Ribosome dissociation is promoted by a direct and stoichiometric interaction with the release factor aRF1. Altogether, ABCE1 is an evolutionarily conserved molecular machine, ribosome recycling and ribonucleoprotein (RNP) particle (dis)assembly.
Results
Structure and Function of the Twin-ATPase. Based on our expression and purification strategy, which preserves the structural and functional integrity of the ATPase and otherwise unstable ½4Fe-4S 2þ clusters, we uncovered the enzymatic fingerprint of ABCE1 for the first time. ABCE1 isolated from Sulfolobus solfataricus shows the highest ATP turnover at 80-90°C, matching the growth conditions of this Crenarchaeon (Fig. S1 ). The wild-type enzyme (ABCE1 WT ) has a Michaelis-Menten constant K MðMgATPÞ of 0.7 mM and a turnover rate k cat of 12 ATP∕ min ( Fig. 1A and Table S1 ). N-terminal truncated ABCE1 ΔFeS (lacking the entire FeS cluster domain) as well as ABCE1 C24S (no assembled FeS cluster) (17) and ABCE1 C54S (conversion of one diamagnetic ½4Fe-4S 2þ into a paramagnetic ½3Fe-4S þ cluster) (17) showed ATP turnover rates and substrate affinities similar to the wildtype. These results demonstrate that neither the integrity of the prosthetic group nor the lack of the entire FeS cluster domain influence the basal ATPase cycle of ABCE1. In addition, the ATP turnover rate is independent of the protein concentration and no oligomerization was observed upon incubation with ADP, ATP, or adenosine 5′-(β,y-imido)triphosphate (AMPPNP) ( Fig. S1 ). A Hill coefficient of 1.0 attests to a noncooperative process for the rate-limiting step in ATP hydrolysis, indicating that ABCE1 acts as monomer and that the twin NBDs undergo cycles of intramolecular engagement and disengagement to harness the chemical energy of ATP.
To correlate functional and structural data, we crystallized ABCE1 ΔFeS-E238∕485Q from S. solfataricus and determined its X-ray structure at 2.0 Å resolution [R work ∕R free 0.186∕0.244, Protein Data Bank (PDB) ID code 3OZX; Table S2 ]. In the Mg-ADP-bound state, ABCE1 displays an overall V-shape architecture, thereafter referred to as the open conformation (Fig. 1B) . The structure resembles orthologs from Pyrococcus furiosus and Pyrococcus abyssi, documented by an overall rms deviation of 1.5 Å (16, 26) . Two head-to-tail oriented nucleotide-binding domains (NBD1 and NBD2) are positioned by a hinge region, which is built up from the linker between both NBDs and the C-terminal stretch. This structural framework supports a clamp-like motion of both NBDs, which cycle between the open (crystallized) and a closed state upon ATP binding and hydrolysis. The hinge region determines the preorientation and the magnitude of displacement of the two NBDs during the catalytic cycle. The formation of the ATP-bound closed state may result in a large movement of the FeS domain (26) .
Despite the high overall similarities of both NBDs, a superposition illustrates an asymmetry between the two ATP-binding pockets (site I and II), which has not been reported in any ABC protein so far, including the Pyrococcus ABCE1 (Fig. 1C) . Strikingly, the phenyl group of Y168 adjacent to the Q-loop in NBD1 points to active site I and binds via solvent molecules to the α-, βand, potentially, to the γ-phosphate, whereas R412 in the equivalent position of NBD2 is flipped out and does not contact the nucleotide in active site II. Even if its side chain is flipped toward the nucleotide in an ATP-bound closed state, the arginyl and tyrosinyl residue would influence ATP hydrolysis differently. Furthermore, whereas a canonical aromatic (A)-loop is found in NBD1 (Y81), forming π-π-stacking interactions toward the adenine base, the A-loop in NBD2 (L353) is degenerate. In NBD1, the region associated to the A-loop from the backside is enlarged by a prolonged loop between F127 and V134 and a helix-loop-helix insertion compared to NBD2. These differences are conserved among orthologs of Crenarchaea and Eukarya, implicating a more rigid active site I. The weak interaction of the nucleotide base in the ATP-binding sites explains why the enzyme is rather promiscuous for the nucleoside triphosphates (Figs. S1 and S2), which is typical for ABC proteins (5) .
To dissect the function of the two active sites, we analyzed a set of mutants including the catalytic glutamate next to the Walker B motif (E238Q, E485Q) and the H-loop (H269A, H518A). As expected, the double mutants are ATPase inactive ( Fig. 1D ). ABCE1 with mutations in NBD1 (E238Q and H269A) showed only 30-50% activity compared to wild-type ABCE1 as a consequence of the inactivation of site I. Strikingly, mutations in NBD2 (E485Q and H518A) are hyperactive with 10-fold higher ATPase activity as compared to wild-type. Hyperactivity cannot be explained by an altered substrate affinity, cooperativity, or oligomeric state (Table S1 and Fig. S1 ). This unusual behavior has not been observed in any other ABC system and underlines the functional and structural asymmetry of the two ATP-binding sites.
Importantly, if ATP hydrolysis is blocked by mutation of the two catalytic glutamates (ABCE1 E238∕485Q ), a stoichiometric occlusion of two ATP molecules is observed ( Fig. 1E ). Correspondingly, only one ATP is bound in each single Walker B mutant. ATP occlusion strictly requires ATPase permissive temperatures at which a conformational switch into a closed state can occur. In the closed state, the conserved serines 214 and 461 in the C-loop (LSGGQ) coordinate the γ-phosphates of ATP in the opposite NBD. As shown in Fig. 1 D and E, the engagement mutation (S214/461R) prevents ATP occlusion and hydrolysis. In conclusion, ABCE1 undergoes a cycle of closure (ATP occlusion) and opening upon ATP binding and hydrolysis. ABCE1 Binds to 30S Ribosomes in an ATP-Occluded State. We next examined whether the different conformational states of ABCE1 interact with components of the translation machinery. Whole cell extracts (WCE) from S. solfataricus were fractioned by sucrose density gradients (SDG). Notably, Sulfolobus 70S ribosomes are very labile and detectable only after cross-linking (27) . ABCE1 was mainly found on the top of the gradient and only in a minor degree with the 30S and 50S subunits ( Fig. 2A ). Neither addition of ATP nor ADP could enhance the fraction of ABCE1 bound to ribosomal subunits. However, its accumulation at the 30S particle was strongly promoted when arresting ABCE1 in its ATP-occluded state by addition of nonhydrolyzable AMPPNP, whereas no binding to the 50S subunit was observed above background.
To correlate the conformational changes and ATP-binding/ hydrolysis events with ribosome association, ABCE1 mutants were incubated with S. solfataricus lysates. Ribosome profiles were probed with an anti-His antibody to detect selectively the recom-binant enzyme. Association of recombinant ABCE1 WT with 30S particles was strongly enhanced upon addition of AMPPNP as observed for endogenous ABCE1. Remarkably, nonhydrolytic ABCE1 E238∕485Q interacts with the 30S subunit already without addition of AMPPNP as it can occlude two ATPs from the lysate ( Fig. 2B and Fig. S3 ). Likewise, both single Walker B mutants, ABCE1 E238Q (50% activity) and ABCE1 E485Q (hyperactive), are attached to the 30S subunit without AMPPNP. These data suggest that a conformational switch in ABCE1 plays a key role in 30S association. Indeed, the engagement mutant ABCE1 S214∕461R , which cannot switch into the closed state and occlude ATP, does not associate with the 30S subunit under any condition assayed ( Fig. 2B) . Thus, the occlusion of one ATP molecule (independent whether positioned in active site I or II) appears to be necessary and sufficient to adopt the closed state and to promote the formation of a stable ABCE1/30S complex.
The FeS Cluster Domain Is Essential for Ribosome Interaction. We next explored whether 30S binding of ABCE1 is direct or indirect by sedimentation assays using isolated, high-salt washed ribosomal subunits. Similar to the previous experiments in whole cell extracts, ABCE1 binds to isolated 30S particles in an AMPPNP dependent manner ( Fig. 2C ), whereas no specific interaction with 50S was observed. Importantly, a direct (1∶1) binding of ABCE1 to the 30S subunit with K d of 1.0 μM was determined ( Fig. 2D ). Strikingly, ABCE1 ΔFeS neither cofractionates with 30S in WCE ( Fig. 2E ) nor binds to isolated 30S particles in the presence of AMPPNP ( Fig. 2D ). Under the same conditions ABCE1 C54S (conversion of one diamagnetic ½4Fe-4S 2þ into a defined paramagnetic ½3Fe-4S þ cluster) (17) , can bind to 30S, whereas a FeS cluster defective mutant ABCE1 C24S does not interact with 30S ( Fig. 2E ). Because all FeS cluster mutants exhibit a similar ATPase activity ( Fig. 1A and Table S1), the observed binding behavior suggests a pronounced contact area between the FeS cluster domain and the 30S subunit provided by the conformation switch of ABCE1. The electronic state of the FeS clusters is not changed upon 30S binding as revealed by electron spin resonance. These results point to a structural, rather than a redox-catalytic role of the FeS cluster domain.
ABCE1 Acts Downstream of Translation Initiation in Archaea. We next addressed whether the ABCE1/30S complex is built up in the initiation phase or in the final stages of translation. Because an archaeal translation system reconstituted from purified components has not been established, we used a cell-free translation system employing in vitro transcribed mRNAs (28) . The mRNA-104 contains a canonical Shine-Delgarno (SD) sequence in the 5′ untranslated region (UTR) and translation initiation follows a bacterial-like SD-anti-SD base pairing mechanism. Surprisingly, after immunodepletion of ABCE1 (>95%, Fig. 3A ), lysates are still translation active based on the total translation capacity or defined mRNAs as reporters. Notably, a similar behavior was observed for the leaderless mRNA-aIF1, lacking the entire 5′UTR that initiates on archaeal ribosomes by a still poorly understood mechanism.
After 15-min incubation, the ABCE1-depleted lysate displayed a consistently higher 70S∕50S ratio than the preimmune serum depleted controls (PIS), indicating that ribosome recycling was slowed down in dearth of ABCE1 ( Fig. 3B ). However, after 60 min, only a small amount of 70S ribosomes was detected in the depleted lysates, whereas the controls showed a large peak of 70S ribosomes. These results suggest that an adequate amount of ABCE1 is required both for dissociating 70S and enabling the released subunits to enter a new translation cycle.
A Conformational ATP-Switch of ABCE1 Powers Ribosome Splitting.
To critically examine the previous hypothesis, we investigated the effects of ABCE1 on 70S formation. When either ABCE1 WT (C) Binding of ABCE1 WT (1 μM) to isolated 30S particles (1 μM) assayed by SDG analysis in the presence and absence of AMPPNP (5 mM) at 73°C for 4 min. (D) Ribosome pelleting assays of ABCE1 WT and isolated 30S subunits (0.5 μM) reveal a stoichiometric (1∶1) binding in the presence of AMPPNP. The amount of ABCE1 WT expected for 100% binding (0.5 μM) is given as input. Data were analyzed by quantitative immunoblotting and fitted according to a one-site binding isotherm. (E) SDG analysis of FeS cluster mutants. Purified ABCE1 WT , ABCE1 ΔFeS , ABCE1 C54S , or ABCE1 C24S (0.2 μM of each) was added to 100 μL S. solfataricus WCE (15 mg∕mL) and incubated with 5 mM of AMPPNP at 73°C for 4 min. Fractions were probed with an anti-His antibody.
or ABCE1 E238∕485Q was added to lysates programmed for translation, we observed a dose-dependent decrease in the 70S∕50S ratio ( Fig. 4 A and B) . This effect is ABCE1 specific because mutants incompetent in stable 30S interaction (ABCE1 ΔFeS or ABCE1 S214∕461R ) do not promote 70S breakdown. Hence, the 70S∕50S ratio in the translationally active lysate inversely correlates with the amount of ABCE1, with more 70S at lower ABCE1 concentration at least during the first rounds of translation.
To exclude that the above results were caused by a defect in the formation of preinitiation complexes, lysates programmed for translation were incubated with an excess of ABCE1 WT in the presence of GMPPNP, which blocks translation in the initiation phase (29) . The formation of preinitiation complexes was analyzed by monitoring mRNA retained by the 30S subunit ( Fig. 4C ). Under these conditions, ABCE1 WT neither arrests the translation machinery nor prevents the formation of the initiation complex. In a second approach, we pulsed the in vitro translation reaction for 2 min with either GMPPNP or aIF6 to prevent 50S subunits to reenter the translation cycle after termination ( Fig. 4D ). Addition of either ABCE1 WT or ABCE1 E238∕485Q leads to a significantly higher breakdown of 70S ribosomes as the controls (GMPPNP or aIF6). These results suggest that ABCE1 functions in ribosome recycling by active splitting of 70S ribosomes. ABCE1 Acts as a Ribosome Recycling Factor Cooperatively with aRF1.
By coimmunoprecipitation using ABCE1 specific antibodies, we show that ABCE1 interacts directly and stoichiometrically (1∶1) with aRF1 ( Fig. 5A ). Importantly, this interaction is independent of the FeS cluster domain and the catalytic state of ABCE1. In contrast, in WCE, ABCE1 binds to aRF1 only in its ADP-bound open conformation. To address the physiological relevance of this interaction, we followed the 70S dissociation in a pulse assay as introduced above. ABCE1 induces 70S breakdown in a dose-dependent manner (Fig. 5B ). However, in the presence of aRF1, 70S dissociation is promoted. This synergistic effect is lost with ABCE1 E238∕485Q , suggesting that ATP hydrolysis is required for a proper cooperation between ABCE1 and aRF1 and multiple rounds of ribosome recycling. Significantly, aRF1 alone cannot split 70S ribosomes ( Fig. S4 ). We noticed that not all 70S particles are dissociated, likely because ABCE1 encounters translating 70S ribosomes at different phases. ABCE1 mutants lacking the FeS cluster domain are unable to promote ribosome splitting, even in combination with aRF1.
To monitor the localization of ABCE1 after 70S disassembly, ½ 32 P-labeled ABCE1 was added for improved sensitivity and quantification. In agreement with our previous data, ABCE1 WT was only found on top of the gradient, whereas ABCE1 E238∕485Q was stably bound to 30S (∼30%), but not found on 50S or 70S par- Reactions were performed and analyzed as described in (A). The initial 70S∕50S ratio was set to 100%. (C) Preinitiation complex formation of lysates programmed with ½ 32 P-labeled mRNA-104 was visualized by Cerenkov counting of the corresponding SDG fractions (10-20% sucrose). ABCE1 WT (0.8 μM) was added to these lysates in combination with different nucleotides (2 mM of each). (D) Recombinant ABCE1, aIF6 or GMPPNP were added to lysates programmed for in vitro translation. After 2-min incubation, samples were cross-linked on ice and analyzed by SDG fractionation. Addition of ABCE1 WT but also the ATPase inactive mutant ABCE1 E238∕485Q leads to a significantly larger 70S breakdown than GMPPNP (2 mM) or aIF6 (5 μM). The initial 70S∕50S ratio without additional factors (control) was set to 100%. ticles (Fig. 5C ). Strikingly, either ABCE1 WT or ABCE1 E238∕485Q lead to a fast 70S splitting (Fig. 5B ). However, only ABCE1 E238∕485Q in its ATP-occluded closed state remains stably bound to the 30S subunit after ribosome dissociation. Based on the fact that ABCE1 E238∕485Q can split ribosomes, we concluded that ATP binding and the conformational switch into the closed state but not ATP hydrolysis powers ribosome dissociation. Notably, whereas ABCE1 E238∕485Q or ABCE1 WT (in the presence of AMPPNP) are arrested at the 30S subunit after 70S splitting, aRF1 has been released ( Fig. 5C, Lower) . This suggests that the conformational switch of ABCE1 not only powers 70S splitting but also leads to the dissociation of aRF1 from the 30S/ABCE1 complex.
Because Sulfolobus 70S ribosomes are intrinsically unstable even at very high MgCl 2 concentrations (27), we searched for an appropriate model to reconstitute ribosome splitting by ABCE1 entirely from purified components. We found that 70S ribosomes from the hyperthermophilic Euryarchaeon Thermococcus celer are stable at temperatures around 70-80°C and therefore fulfill this crucial requirement. Confirming our data above, we observed a direct (1∶1) and nucleotide-dependent binding of ABCE1 to T. celer 30S particles (Fig. S5) . Strikingly, ABCE1 specifically dissociates isolated Thermococcus 70S ribosomes within a short 4-min pulse (Fig. 5D ). Importantly, ATP hydrolysis is not required for a single round of ribosome splitting, because ABCE1 WT in the presence of AMPPNP or ABCE1 E238∕485Q is able to dissociate 70S ribosomes. Nevertheless, ATP hydrolysis of ABCE1 significantly enhanced 70S disassembly. The behavior of ABCE1 WT and ABCE1 E238∕485Q is clearly different with respect to the synergy with aRF1. The mutant does not cooperate with aRF1, so ATP hydrolysis is important for 30S release and reentering a new cycle of ribosome splitting. No 70S breakdown was observed for ABCE1 ΔFeS or aRF1 alone (Fig. S4 ). In conclusion, ribosome recycling depends on an allosteric coupling between the FeS cluster domain and a conformational ATP-switch of ABCE1.
Discussion
Although the basic steps of protein synthesis are conserved between all three domains of life, marked differences exist. Archaea combine features from bacterial as well as eukaryotic mRNA translation including very specific properties. In our study, the final phase of archaeal translation and key mechanistic steps of posttermination ribosome recycling powered by ABCE1 have been disclosed. Several lines of evidence argue against a primary role of ABCE1 in translation initiation as shown for its eukaryotic homologs: (i) the previously described interaction partners eIF3 and eIF5 (14, 22, 24, 25) do not exist in Archaea; (ii) ABCE1 has no effect on the formation of the preinitiation complex (Fig. 4C) ; and (iii) short-term mRNA translation was not affected in ABCE1-depleted lysates (Fig. 3A) . In contrast, even more 70S ribosomes are built up within the short-term mRNA translation after ABCE1 depletion (Fig. 3B ). Indeed, our in vitro assays reconstituted from isolated components reveal that ABCE1 is essential for ribosome recycling. ABCE1 function is promoted by the synergistic interaction with the release factor aRF1, thus coupling translation termination to ribosome recycling. Interestingly, the class II release factor eRF3 and homologs of bacterial recycling factors do not exist in Archaea. Furthermore, an energy-independent process of ribosome recycling, as found in Eukarya (30) , can be excluded in Archaea, because homologs of the initiation factor eIF3 are absent. Thus, ribosome recycling in Archaea resembles a unique and minimalistic version of the eukaryotic process. However, it is still unknown which regulatory events may exist to suppress futile cycles of ribosome dissociation by ABCE1. In Eukarya, eRF3 seems to have a control function by preventing premature association of ABCE1 with posttermination complexes (21) . Additionally, translation termination by eRF1 depends on the cooperative action of eRF3, in which GTP hydrolysis of eRF3 triggers the peptide release by eRF1 (31) . It has most recently been shown that archaeal elongation factor 1α (aEF1α) may function as a homolog of eRF3 triggering polypeptide release by aRF1 (32) . Hence, it will be interesting to analyze the exact conformational state at which ABCE1 encounters the 70S ribosome and how aEF1α regulates posttermination ribosome recycling driven by ABCE1.
Our data not only shed light on the process of ribosome recycling in Archaea, but also reveal fundamental principles of the twin-ATPase machine. We show that a conformational switch of ABCE1 is required for ribosome splitting. However, the two catalytic sites fulfill distinct roles. Based on our functional and structural data, we propose that NBD2 serves an important regulatory function by sensing different cellular clients; e.g., aRF1 positioned at the postterminated ribosome. In line with this, the interaction with eRF1 has been mapped genetically to the NBD2 of ABCE1 (23) . Apart from the conformational ATPswitch, the FeS cluster domain of ABCE1 is essential for ribosome recycling. Interestingly, the FeS cluster domain of ABCE1 displays a ferrodoxin-like fold. This superfamily includes ferrodoxin from Desulfovibrio vulgaris (33) and the poly(A) binding protein (34) , which bind RNA. The FeS cluster domain of ABCE1 exposes highly conserved, positively charged residues. Thus, we assume that this domain plays an important role in 
RNA binding. This provides a mechanistic link between two key cellular processes, FeS cluster biogenesis and ribosome recycling.
In addition, the FeS clusters of ABCE1 could have a sensory function to regulate translation, for example under oxidative stress.
Based on our data, we derive the following model for ribosome recycling (Fig. 6 ). After termination and release of the polypeptide chain catalyzed by aRF1 and presumably aEF1α (32), ABCE1 docks to stop-codon programmed ribosomes via aRF1 positioned at the A-site. ATP binding to ABCE1 induces a conformational change into its closed state, which reorganizes the FeS cluster domain to drive ribosome splitting and release of aRF1. Because the ATPase inactive mutant ABCE1 E238∕485Q is able to dissociate ribosomes, we propose that the ATP-switch into the closed conformation and the movement of the FeS domain drives ribosome dissociation as well as the disengagement of aRF1 from the ribosome. After 70S splitting, ABCE1 can be arrested in its ATP-occluded state at the 30S subunit. ATP hydrolysis is finally required to release ABCE1 (and probably tRNA and mRNA by the aid of several other factors still to be identified) from the 30S particle to initiate a new translation cycle. The question remains why ABCE1 has been linked to so many different cellular pathways in Eukaryota. The presented data raise the possibility that ABCE1 is a RNP remodeling factor using the ATP-switch as power stroke for the (dis)assembly of macromolecular RNP complexes, such as in translation control, ribosome biogenesis, and lentiviral RNA/gag capsid assembly.
Materials and Methods
Details of materials, cloning, expression, protein purification, and activity assays are provided in SI Text.
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Protein Expression and Purification. ABCE1. Protein expression and purification of ABCE1 from S. solfataricus was performed as described previously (1) with following modifications. After metal affinity chromatography, factions containing ABCE1 were dialyzed against A-IEX buffer (20 mM Tris-HCl, pH 8.5) and loaded onto an anion exchange column (HiTrap Q HP; GE Healthcare). Proteins were eluted by a salt gradient (0-1.0 M NaCl). Fractions containing ABCE1 were dialyzed against standard buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM DTT) and stored at −20°C. Protein concentrations were determined by UV absorbance at 280 nm using extinction coefficients of 58;720 M −1 cm −1 (full-length ABCE1) and 53;750 M −1 cm −1 (ABCE1 ΔFeS ), respectively. A polyclonal antibody was raised against purified ABCE1.
aRF1. E. coli BL21(DE3) cells were transformed with the plasmid pDB10 and grown at 37°C to an OD 600 of 0.6-0.8. Expression was induced by adding 0.5 mM of isopropyl 1-thio-β-D-galactopyranoside (IPTG) for 3 h at 37°C. Cell pellets were resuspended in lysis buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM DTT, 1 mM EDTA) and disrupted by sonification using a Branson Sonifier 250 at 60% output in 10 pulses of 1 min on ice. Cell debris and membranes were removed by centrifugation at 100;000 × g for 30 min. After heat shock at 70°C for 10 min, the supernatant was applied to a Ni-NTA affinity column (Qiagen) with a flow rate of 5 mL∕ min. aRF1 was purified by washing with 10 column volumes of 40 mM imidazole and eluted at 200 mM of imidazole. Fractions containing aRF1 were pooled and dialyzed against 20 mM Tris-HCl, pH 8.5, 10 mM NaCl, 1 mM DTT and 5 mM MgCl 2 5 mL∕ min and further purified on HiTrap Q sepharose (GE Healthcare). After anion exchange chromatography, fractions containing aRF1 were concentrated and loaded onto a Superdex 75 16/60 prep grade column (GE Healthcare) equilibrated in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl 2 , 1 mM DTT. Fractions corresponding to aRF1 were finally dialyzed in storage buffer (20 mM Tris-HCl, pH 7.5, 40 mM NH 4 Cl, 1 mM DTT), concentrated, and snap frozen in liquid nitrogen.
aIF6. The plasmid pDB9 encoding aIF6 was transformed in E. coli BL21(DE3) cells and gene expression was performed as described above, except that 0.3 mM IPTG was used for induction. Cells were resuspended in lysis buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM DTT, 1 mM EDTA) and disrupted by sonification as described above. After centrifugation at 100;000 × g for 30 min, a heat shock at 70°C was applied for 10 min. Denatured proteins were removed by centrifugation at 100;000 × g for 30 min and the supernatant was loaded on a HiTrap Chelating column (GE Healthcare) with a flow rate of 2 mL∕ min. After two washing steps with 20 and 50 mM imidazole, aIF6 was eluted with 200 mM imidazole. Fractions containing aIF6 were pooled and dialyzed against 20 mM Tris-HCl, pH 8.5, 10 mM NaCl, 1 mM DTT and further purified on HiTrap Q sepharose (GE Healthcare). After anion exchange chromatography, fractions containing aIF6 were concentrated and dialyzed on Amicon concentrators (Millipore) into storage buffer (20 mM Tris-HCl, pH 7.5, 40 mM NH 4 Cl, 5 mM MgCl 2 , 1 mM DTT and 10% ðv∕vÞ glycerol), snap frozen in liquid nitrogen, and stored at −20°C. The protein concentration of aIF6 and aRF1 was determined by using the Coomassie Plus™ Bradford Assay (Pierce) using bovine serum albumin as a standard.
Crystallization and Structure Determination. ABCE1 ΔFeS-E238∕485Q was concentrated to 15 mg∕mL (in 20 mM Tris-HCl, pH 7.5, 200 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 5% ðv∕vÞ glycerol) and incubated at 70°C with 4 mM of ATP for 5 min. The protein was crystallized by mixing 2 μL protein solution with 2 μL buffer containing 0.1 M NaCacodylate, pH 6.5, 0.2 M MgðOAcÞ 2 , 20% ðw∕vÞ PEG 8000. Small rod-shaped crystals of ADP-loaded ABCE1 grew within 2 weeks at 18°C. Crystals were soaked for 10-20 sec in the reservoir solution supplemented with 15% ðv∕vÞ glycerol, mounted in nylon loops (Hampton Research), and flash frozen in liquid nitrogen. The space group P1 datasets were recorded at the SLS beamline (Villingen) and processed with HKL and XDS (3, 4) . Phases were calculated by molecular replacement using the program EPMR (5) and coordinates of Pyrococcus furiosus ABCE1 (6) as the search model. Refinement of the model was performed with REFMAC5 (7), Phenix (8) , and repetitive manual model building with O and Coot (9, 10) . Translation Libration Screw (TLS) groups were identified by using the TLSMD server (http://skuld.bmsc.washington.edu/~tlsmd). For cross-validation, 5% of the original reflections were omitted from the refinement and used to calculate the R free factor. Refinement qualities including rotamer and torsion angle analysis were judged by using the MolProbity program (11) . Figures were prepared with PyMOL (DeLano Scientific).
Analytical Gel Filtration. ABCE1 (5 μM) was incubated in 50 μL SEC buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl 2 , 2 mM DTT) with 5 mM of ATP, ADP, and AMPPNP, respectively. After 5 min incubation at 80°C, samples were incubated on ice and subsequently loaded onto a Superdex 200 PC 3.2/30 column (GE Healthcare), preequilibrated in SEC buffer, with a flow rate of 0.05 mL∕ min. The absorbance at 254 nm, 280 nm and 410 nm was recorded during the run and fractions of 100 μL were collected. Standard molecular weight markers, including apoferritin (440 kDa), alcohol dehydrogenase (150 kDa), albumin (67 kDa), β-lactalbumin (35 kDa), cytochrome c (12 kDa), vitamin B12 (1.35 kDa) were used for calibration.
For detection of ABCE1/ATP/30S complexes, ABCE1 E238∕485Q or ABCE1 WT (1 μM) were incubated with 500 μM ATP (traced with ½γ-32 P-ATP) at 73°C for 5 min with high-salt washed 30S (1 μM) subunits. After incubation on ice for 2 min, the reaction was loaded onto a TSK4000 SW XL (Tosoh Bioscience) column, preequilibrated in 20 mM triethylamine (TEA) pH 7.2, 10 mM KCl, 20 mM MgCl 2 , with a flow rate of 0.4 mL∕ min. 500 μL fractions were collected and analyzed by Cerenkov counting.
ATPase Assays. ATP hydrolysis was measured colorimetrically by using the malachite green assay (12) . Reactions were performed in 25 μL of ATPase buffer (20 mM Tris-HCl pH 7.4, 100 mM NaCl, 5 mM MgCl 2 ) with various concentrations of ABCE1 (0-10 μM) and ATP (0-5 mM) at 80°C. ATP hydrolysis was stopped by adding 175 μL of ice-cold H 2 SO 4 (20 mM) and placing the samples on ice. 50 μL of malachite green solution (0.28 mM malachite green, 0.17% ðv∕vÞ Tween-20, 1.48% ðw∕vÞ ammonium molybdate tetrahydrate) was then added and inorganic phosphate release was detected at 620 nm. A K 2 HPO 4 solution served as a standard to calculate the amount of P i released.
ATP hydrolysis was additionally measured by thin layer chromatography (13) . Reactions were performed in ATPase buffer supplemented with trace amounts of ½γ-32 P-ATP (110 TBq∕ mmol; Hartmann Analytic). After incubation, reactions were placed on ice and stopped by adding 1% ðw∕vÞ SDS and 10 mM EDTA. 1 μL of the reaction was spotted onto polyethyleneimine plates (Merck) and developed in 0.75 M KH 2 PO 4 pH 3.4. The dried chromatograms were scanned and quantified in a Phosphor Imager (GE Healthcare). All ATPase measurements were performed in triplicates to calculate the standard deviation.
Stoichiometry of Bound Nucleotides. ABCE1 (5 μM) was incubated in 50 μL ATPase buffer with 500 μM of ATP (traced with ½γ-32 P-ATP) for 5 min at 80°C. Afterward, reactions were immediately applied onto preequilibrated G50-microspin columns (GE Healthcare) and centrifuged for 1 min at 750 × g to separate protein bound nucleotides from unbound nucleotides. Protein retained radioactivity was quantified by Cerenkov Counting and corrected for nonspecifically retained radioactivity. The identity of the bound nucleotides was determined by thin layer chromatography as described above.
Preparation of Whole Cell Extracts, Ribosomes, and tRNA. S. solfataricus cells were harvested in midlog growth phase and flash frozen as small spherules in ribosome extraction buffer (20 mM Tris-HCl, pH 7.4, 40 mM NH 4 Cl, 10 mM MgOAc, 2 mM DTT). Whole cell extracts, ribosomes, crude tRNA and crude translation factors were prepared as described (14, 15) . Lysates and ribosomes from T. celer were prepared in the same way.
Immunodepletion of ABCE1. 50 μL of Dynabeads® Protein A (Invitrogen) were washed twice in 500 μL of 100 mM Na 2 HPO 4 (pH 8.0). Then, 20 μL of anti-ABCE1 or preimmune serum were incubated for 60 min with the magnetic beads at 4°C. Subsequently, beads were washed three times with 100 mM Na 2 HPO 4 , pH 7.4, 0.05% ðv∕vÞ Tween-20). The beads were washed twice in 1 mL of 200 mM TEA, pH 8.0. Antibodies were coupled to the beads by incubation for 30 min at room temperature in 1 mL of freshly prepared buffer X (200 mM TEA, pH 8.0, 20 mM dimethylpimelidate). The reaction was stopped by adding 500 μL of 50 mM Tris-HCl, pH 7.4. After 15 min at room temperature, beads were washed three times with 100 mM Na 2 HPO 4 pH 8.0 containing 0.05% ðv∕vÞ Tween-20. 100 μL of S. solfataricus P2 cell extract (15 mg∕mL) were incubated with the antibody coupled beads for 1 h at 4°C. The depletion reaction was performed twice to ensure efficient removal of ABCE1 from the lysate.
Coimmunoprecipitation. To probe a direct ABCE1-aRF1 interaction, 50 μL of Dynabeads® Protein A (Invitrogen) were washed three times with 100 mM NaH 2 PO 4 pH 8.0 and once with ATPase buffer). Then, 50 μL of the anti-ABCE1 serum were added and incubated at 4°C for 2 h using an overhead rotator. ABCE1 and aRF1 (2 μM of each) were incubated in 40 μL of CoIP buffer (20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 0.2% Tween-20 and 2 mM nucleotides) for 10 min at 73°C. After cooling down on ice for 2 min, the reaction was incubated with the washed beads for 3 h at 4°C under shaking. Beads were washed four times with 1 mL of CoIP buffer and one time with 40 μL of CoIP buffer (wash fraction). The proteins were eluted in 40 μL of SDS-loading buffer. The samples were analyzed by SDS-PAGE (10%) and subsequent immunoblotting using a monoclonal antiHis antibody (Novagen).
To probe the interaction of ABCE1 and aRF1 in the lysate of S. solfataricus, 100 μL of whole cell extracts (15 mg∕mL) was supplemented with aRF1 and ABCE1 (2 μM of each) in the presence of different nucleotides (5 mM). The reaction volume was increased to 200 μL with ribosome extraction buffer (20 mM Tris-HCl, pH 7.4, 40 mM NH 4 Cl, 10 mM MgOAc, 1 mM DTT) and the samples were incubated at 73°C for 10 min. The immunoprecipitation reaction with anti-ABCE1 coupled Dynabeads® Protein A (Invitrogen) was essentially performed as described above.
Phosphorylation of ABCE1. ABCE1 was phosphorylated with 5 μL of cAMP-dependent protein kinase A (PKA, NEB) in 20 mM Tris-HCl, pH 7.5, 50 mM KCL, 5 mM MgCl 2 , 1 mM ATP (traced with ½γ-32 P-ATP) and in a total volume of 150 μL for 2 h at 30°C. PKA and unincorporated nucleotides were removed by anion exchange chromatography (HiTrap Q, GE Healthcare), yielding specifically 32 P-phosphorylated ABCE1 (7 Ã 10 3 cpm∕pmol).
Sucrose Density Gradients. To analyze the colocalization of ABCE1 and ribosomes, 100 μL of WCE (15 mg∕mL) from S. solfataricus were incubated at 73°C for 2-4 min with different nucleotides (5 mM), and then loaded on 10-30% sucrose gradients. Centrifugation was performed in a SW41 rotor (Beckman Coulter) at 36.000 rpm for 4 h. Gradients were fractionated from the top (Piston Gradient Fractionator, Biocomp) by detecting the absorbance A 254 nm . 500 μL-fractions were mixed with 1 mL of acetone and precipitated at −20°C. Purified ABCE1 (dialyzed in 20 mM triethanolamine-HCl pH 7.4, 10 mM KCl) was added to WCE or to isolated ribosomes, 30S and 50S (0.5-1 μM) and incubated at 73°C for 4 min. Fractions were analyzed by immunoblotting using a polyclonal anti-ABCE1 antibody raised in rabbits or an anti-His antibody (Novagen).
Ribosome Sedimentation Assay. Increasing concentrations of ABCE1 (0-10 μM) were mixed with 0.5 μM of 30S or 50S in 40 μL of ribosome extraction buffer in the presence of different nucleotides (5 mM) and incubated for 5 min at 73°C. After centrifugation at 13;000 × g for 10 min to remove aggregates, samples were subsequently loaded on 160 μL of 25% ðw∕vÞ sucrose cushion made in ribosome extraction buffer. Sedimentation was performed at 95,000 rpm in the TLA-100 rotor (Beckman Coulter) for 50 min. Ribosomal pellets were washed and resuspended in 40 μL of ribosome extraction buffer. The ribosome concentration was measured at A 254 nm . Equimolar amounts were analyzed by SDS-PAGE (15%, Coomassie staining) and immunoblotting.
In Vitro Translation. The vectors pBS800 (28) and pSK aIF1 were linearized with AflII or NotI, respectively. 5 μg of DNA was used for run-off in vitro transcription with T7 RNA polymerase (Ambion). Transcribed mRNA-104 and mRNA-aIF1, coding for the small ribosomal protein rpl30 and aIF1, respectively, were purified by phenol-chloroform extraction. In vitro translation reactions were performed in 100 μL buffer T (20 mM Tris-HCl, pH 7.4, 10 mM KCl, 20 mM MgOAc) supplemented with 3.6 mM ATP, 1.8 mM GTP, 4 mM DTT, 10 μg S. solfataricus bulk tRNA, 2 μL ½ 35 S-methionine (37 TBq∕mmol), 4 μL amino acid mix minus methionine (Promega), 500 μg S. solfataricus S30 extract (preincubated at 73°C for 15 min), and 10 μg mRNA. For in vitro translation, samples were incubated at 73°C for up to 60 min. 10 μL of each reaction were withdrawn and analyzed by SDS-PAGE (17.5%). Radioactive bands corresponding to rpl30 were quantified by a PhosphoImager (GE Healthcare). For the stabilization of 70S ribosomes in sucrose gradients, the Tris-buffer was replaced by TEA. After incubation, samples were cross-linked with formaldehyde (1% ðv∕vÞ final concentration) for 30 min on ice. Subsequently, the reactions were loaded on sucrose gradients (10-30%) in ribosome extraction buffer and centrifuged for 4 h at 36,000 rpm. For preinitiation complex formation, ½ 32 P-mRNA-104 (30;000 cpm∕μg) was added to the in vitro translation reaction and GTP was replaced by GMPPNP (2 mM). SDG fractions (10-20% sucrose) were analyzed by Cerenkov counting. . ABCE1 in its ATP occluded state binds to the 30S ribosome. Isolated 30S subunits (0.5 μM) were incubated at 73°C for 5 min with different ABCE1 mutants (1 μM) and ATP (2 mM traced with ½γ-32 P-ATP) in 20 mM TEA-HCl, pH 7.2, 10 mM KCl, 20 mM MgCl 2 . After cooling down on ice for 2 min, 200 μL of the reaction volume was loaded onto a TSK4000 SW XL column (Tosoh Bioscience) with a flow rate of 0.4 mL∕ min. 500 μL fractions were collected by simultaneous detection of the absorbance at 254 nm and analyzed by Cerenkov counting. A colocalization of ½γ-32 P-ATP stably bound to ABCE1 with the 30S ribosomes was observed for ABCE1 E238∕485Q , whereas no ½γ-32 P-ATP colocalization above background could be observed in the presence of ABCE1 WT . Fig. S5 . Nucleotide-dependent binding of ABCE1 to T. celer ribosomes. Ribosome pelleting assays of ABCE1 WT (5 μM) and isolated 30S subunits (0.5 μM) from T. celer. The samples were incubated at 73°C for 5 min in the presence of various nucleotides (2 mM of each). After ribosome pelleting, bound proteins were analyzed by immunoblotting using a polyclonal anti-ABCE1 antibody. In the control lane (100%), the amount of ABCE1 expected for a 1∶1 binding (0.5 μM) to the 30S particle was loaded.
